A sample of ETS-10 was prepared and characterized by spectroscopic (Raman, UV-vis, FT-IR) and TPD techniques. An interpretation of the vibrational spectra was proposed. Absorption in the UV-vis range was typical of charge-transfer transitions involving octahedral Ti. No surface -OH groups were detected on the dehydrated sample. FT-IR measurements showed that water was adsorbed in two different molecular modes while ammonia was adsorbed coordinatively and mostly desorbed below 600 K. These results were confirmed by TPD studies that showed hydrogen-bonded water and water coordinated to Na and K cations located in the main channels of ETS-10. Ammonia TPD measurements on the hydrated material provided evidence for two forms of adsorbed NH 3 , both bonded to water molecules. On the anhydrous material, NH 3 was probably coordinated only to the more loosely bonded Na and K ions in the main channels of ETS-10. The amount of adsorbed NH 3 was markedly reduced after heat treatment that led to a partial loss of crystallinity.
INTRODUCTION
Microporous titanosilicates abbreviated as ETS (Engelhard Titanium Silicate) have aroused great interest during the past 10 years because of their zeolite-like properties. One of the most interesting members of this family is ETS-10 patented by the Engelhard Corporation (Kuznicki 1989 (Kuznicki , 1990 . The structure of ETS-10, resolved by Anderson et al. (1994 Anderson et al. ( , 1995 , involves tetrahedral SiO 4 and octahedral TiO 6 units sharing oxygen atoms. This arrangement leads to a threedimensional network containing 12-and seven-membered rings formed by SiO 4 and TiO 6 units. The TiO 6 units are only present in the seven-membered rings. The channels formed by the 12-membered rings have a free diameter of 7.6 4.9 Å and are thus accessible to small molecules, while those formed by the seven-membered rings have dimension of 5.5 1.5 Å and hence are inaccessible . The 12-ring channels form a three-dimensional pore system, with straight pores along the [100] and [010] directions and crooked pores along the [001] direction (Rocha and Anderson 2000) . A schematic sectional view is given below in Figure 1 .
The crystalline configuration of ETS-10 leads to a theoretical Si/Ti ratio of 5. However, structural defects occur frequently, leading to the formation of double-sized pores and slightly Otero Areán et al. 2000; Llabres i Xamena and Zecchina 2002) from which the presence of two types of cationic sites in the main channels of the ETS-10 samples was suggested. The adsorption of NO on Cu-exchanged ETS-10 was studied using calorimetric and volumetric techniques (Gervasini et al. 2001) . Studies by Yang and Truitt (1996) showed that the adsorption of water on ETS-10 was less strong than on conventional zeolites.
The catalytic properties of ETS-10 have also been investigated. Due to their high basicity, ETS-10 and the derived potassium and caesium forms showed higher selectivities towards aldoltype reactions than other basic zeolites (Philippou and Anderson 2000) . Samples of ETS-10 exchanged with different alkaline cations and loaded with platinum were successful in reforming n-hexane to benzene (Philippou et al. 1998; Waghmode et al. 1999) . Cobalt-and Ru-exchanged ETS-10 were studied as catalysts for the Fischer-Tropsch process (Bianchi and Ragaini 1997; Bianchi et al. 1998a,b) , while Cu-ETS-10 was proposed for NO reduction by C 2 H 4 (Gervasini et al. 2000) and for NO decomposition . The hydrogen form of ETS-10 was found to be useful in dehydration and isomerization reactions, taking advantage of its weak acidity Robert et al. 1995) . In addition, ETS-10 was studied for some oxidation reactions such as that of aryl amines with peroxides (Waghmode et al. 2001) .
From the above overview, it may be concluded that the structure of ETS-10 has been investigated widely together with its interesting adsorption and catalytic properties. Moreover, the probable nature and positions of the adsorption sites have been identified. However, information about the adsorption strength and adsorption capacity still appears to be lacking, despite the fact that this is certainly required for appliances employed in adsorption or catalytic processes.
In the present work, the structural properties and the adsorption of H 2 O and NH 3 on ETS-10 were studied by spectroscopic and temperature-programmed desorption (TPD) techniques. The use of such complementary techniques enabled information to be obtained on the strength, distribution and concentration of adsorbing sites.
EXPERIMENTAL
The ETS-10 sample was prepared according to a previously described procedure (De Luca and Nastro 1997) using hydrothermal synthesis starting from sodium silicate and TiCl 4 in the presence of KF in strongly basic solutions (pH = 11.5): the composition of the synthesis gel was carefully controlled in order to avoid the formation of the similar material ETS-4 (Pavel et al. 2002) .
Scanning electron microscopy (SEM) was performed on a Philips XL 30 instrument equipped with EDAX apparatus. Chemical analysis for Na and K was obtained by atomic absorption spectroscopy after dissolving the sample in HF/H 2 SO 4 solution.
Nitrogen adsorption measurements were conducted on a Fisons Sorptomatic 1900 apparatus with specific surface areas being calculated via the Dubinin equation.
The FT-IR spectra were recorded on a Nicolet Magna 750 Fourier-transform instrument. Skeletal spectra in the region above 400 cm 1 were recorded using KBr pressed disks with a KBr beam splitter, while those in the far-infrared region (400-50 cm 1 ) were recorded using the powder deposited on polyethylene disks with a 'solid substrate' beam splitter. The pressed disks of the pure powders employed for the adsorption experiments were previously activated by outgassing at 473 K in a conventional IR cell connected to a gas-manipulation/outgassing apparatus. The FT-Raman spectra were recorded using a Brucker FTS100 (Nd-YAG laser) instrument. The diffuse reflectance UV-vis-NIR spectra were recorded using a JASCO V-570 instrument.
A flow apparatus fitted with a thermal conductivity detector (TCD) was employed for the TPD measurements. For H 2 O TPD, the sample was purged with He at room temperature and then heated at a rate of 10 K/min in a He flow. For NH 3 TPD, the sample, previously treated at a known temperature (as described below), was saturated with a 1% NH 3 /He mixture at room temperature, purged with He at room temperature and then heated in a He flow at a rate of 10 K/min. A KOH trap was placed before the TCD during NH 3 desorption in order to avoid interference by H 2 O.
RESULTS AND DISCUSSION

Structural, morphological and textural properties
SEM micrographs of ETS-10 (see Figure 2 ) showed cubic or platelet-shaped crystals of tetragonal symmetry (Anderson et al. 1994) . The irregular morphology observed could have arisen from the inherent disorder of the ETS-10 structure (Rocha and Anderson 2000) . EDS analysis results showed that the Si/Ti ratio was very close to 5, i.e. the theoretical value. Taking the Na and K contents as evaluated from atomic absorption analysis into account, the formula Na 1.6 K 0.4 Si 5 TiO 13 1.4H 2 O was determined, the amount of hydration water having been evaluated from TPD analysis. It should be noted that the Na/K ratio was close to that reported by Rocha and Anderson (2000) .
XRD patterns obtained on the material as made and treated at 673 K were in agreement with literature data, thereby confirming the high crystallinity of the sample. The XRD pattern of the sample treated at 873 K showed a reduction in peak intensity (ca. 25%), indicating that the material had undergone some loss of crystallinity. A detailed XRD and thermal analysis study of this material has been reported recently (Pavel et al. 2002) . The nitrogen adsorption isotherm at 77 K of the sample outgassed at 423 K ( Figure 3 ) was characteristic of a microporous material. The specific surface area (Table 1) was lower than that reported by Yang and Truitt (1996) for the Na form of ETS-10. It is possible that the presence of a fraction of K cations hindered accessibility of nitrogen to the zeolitic cavities, resulting in a lower nitrogen uptake. The resulting nitrogen adsorption was very low when the sample was treated at 873 K, indicating the absence of micropores and a markedly reduced surface area probably due only to the external area of the particles (Table 1) . As observed from XRD analysis and mentioned above, treatment at 873 K caused only partial amorphization of the material. Hence, the decrease in surface area arose not from the destruction of the crystalline structure, but rather from the formation of amorphous material that obstructed the micropores and made them inaccessible to N 2 molecules.
Vibrational characterization
The IR and Raman spectra of the ETS-10 samples are depicted in Figure 4 . The Raman spectrum agreed closely with that reported by Ashketar et al. (1998) and Su et al. (2000) , but differed (1996) which presented a main peak at 490 cm 1 together with a broad and strong peak at 782 cm 1 . The IR spectrum also differed from that reported by Mihailova et al., although it agreed roughly with those reported by Yang et al. (2001) and Das et al. (1995) . The Raman spectrum was dominated by a very strong peak centred at 727 cm 1 , minor peaks at 1119, 992, 982, 879 and 637 cm 1 and a quite strong complex peak at 306 cm 1 , with less-defined features occurring at 537, 464, 422, 345, 203, 175, 158 and 117 cm 1 . This spectrum can be discussed in relation to that of amorphous and crystalline silicas and of Ti-containing silicas as undertaken by Astorino et al. (1995) , and of bulk titanates as discussed by Busca et al. (1994) . In silicas, the most intense Raman peaks are always detected in the 500-300-cm 1 spectral range and are due to an in-plane deformation/symmetric stretching mode of the Si-O-Si bridges. The peak at 306 cm 1 in our spectrum can be assigned to this mode.
The Raman peaks at 992 and 982 cm 1 and the weaker one at 1119 cm 1 fall in the region where the strongest IR absorption is observed, with components at 1260 (shoulder), 1165, 1048, 1027 and 986 cm 1 . This region is typical of T-O-T asymmetric stretchings, where T denotes tetrahedrally coordinated atoms (Astorino et al. 1995; Armaroli et al. 2000) . These modes are very strong in IR and very weak in Raman and are above 1000 cm 1 when T = Si, whereas when T = Ti they also contribute a medium strong intensity in Raman and shift below 1000 cm 1 . Consequently, we have assigned the peaks in the 1300-1000-cm 1 range to the asymmetric stretching modes of Si-O-Si bridges and the peaks in the 1000-950-cm 1 region to the asymmetric stretching modes of Si-O-Ti bridges.
The very intense Raman peak at 727 cm 1 , which corresponds to a medium strong IR band at 730 cm 1 , is never present in the spectra of silicas and of Ti silicalite. This feature can be assigned to the asymmetric stretching modes of Ti-O-Ti bridges involving octahedral Ti cations, in agreement with Su et al. (2000) . As discussed by Busca et al. (1994) , strong Raman peaks near or above 700 cm 1 are also observed for titanates such as the ilmenite-type compounds NiTiO 3 and CoTiO 3 .
The strong IR peak at 428 cm 1 is always found for silica-based materials and is due to the rocking mode of Si-O-Si bridges. The several other components present in the spectrum may be associated with the splittings of the main vibrational modes of the different structural units present in the structure (TiO 6 octahedra and SiO 4 tetrahedra), associated with the crystallinity of the sample.
Electronic characterization of ETS-10
The UV-vis spectrum of the ETS-10 sample is shown in Figure 5 . No absorption was found in the region below 30 000 cm 1 wavenumber. An absorption was found in the higher wavenumber region, apparently with a first edge having an onset at 29 000 cm 1 and a maximum near 36 000 cm 1 , followed by a second edge with the main maximum at 42 700 cm 1 . These absorptions were certainly associated with the O 2 Ti 4 charge-transfer transition, since they were totally absent from the spectra of silicas, either in a crystalline or amorphous state. The 25 000-45 000-cm 1 absorption region is typical for bulk titanium oxides (rutile, anatase and brookite) where the Ti cations acquire octahedral coordination. In contrast, in TS1 where the Ti cations are isolated and tetrahedral, this charge-transfer transition was found as a band centred at 48 000 cm 1 . The observed spectrum consequently excluded the presence of TiO 2 as a separate phase, but could apparently be assigned to octahedral Ti oxide structures in agreement with the structure for this phase.
Although the spectrum was not identical with those reported in the literature Edewik and Howe 2001) , which showed absorptions in the same regions but with different intensity ratios, it was consistent with the reported structure of ETS-10. The differences with some literature spectra could be due to different sample morphologies.
Adsorption and desorption of water and ammonia
IR studies
The spectra of the ETS-10 sample after activation, adsorption of water and desorption by outgassing at different temperatures are shown in Figure 6 . It is evident that the adsorption of water was associated with the formation of a broad component-less absorption in the 3700-3000-cm 1 region ( OH stretchings) and a split band at 1640, 1630 cm 1 due to the H 2 O scissoring mode. These features reduced progressively and disappeared after outgassing at 673 K or slightly above. The scissoring component at 1630 cm 1 disappeared faster (mainly below 423 K) than that at 1640 cm 1 , which disappeared mainly above 423 K. As a consequence, we conclude that water molecules were adsorbed in two different modes. No definite absorptions due to surface OH groups could be found after outgassing at 673 K, suggesting that water molecules were desorbed under these conditions.
The corresponding spectra for the adsorption of ammonia are depicted in Figure 7 . Contact with ammonia gas led to the formation of adsorbed ammonia characterized by the symmetric deformation mode centred at 1640 cm 1 . The position of this band, which was shifted to higher frequencies relative to the position recorded in the gas (1627 cm 1 ), was consistent with its coordination on weak Lewis acid sites such as Na or K ions. The interaction of ammonia with K ions on surfaces has already been reported (Busca and Ramis 1986) . Outgassing at increasing temperatures caused the progressive desorption of ammonia to virtual total disappearance at 673 K, when only traces were still detectable. It should be noted that ammonia adsorption also led to the formation of very weak sharp bands in the 1500-1350-cm 1 spectral region that could be due to deprotonated species such as amido and imido (Ramis et al. 1995; Gallardo Amores et al. 1997 ). If so, this would provide evidence for the presence of basic sites possibly associated with alkali ions. In contrast, no traces of ammonium ions were found -thereby providing evidence for the absence of Brönsted acidity.
TPD study
TPD measurements were performed to obtain information on the H 2 O and NH 3 adsorption capacity of ETS-10 and the strength of such interactions. The thermodesorption spectra of H 2 O from ETS-10, obtained after different purging times with an inert gas, are shown in Figure 8 . The corresponding amounts of water calculated by integration of the TPD peaks are listed in Table 2 . Water was desorbed in two steps, leading to signals at 386 K and 437 K, respectively. Moreover, a shoulder occurring at 386 K with a long tail extending up to 873 K was also observed.
As mentioned above, FT-IR measurements suggested two forms of adsorbed H 2 O; one being mainly desorbed at temperatures below 423 K, while the other was mainly desorbed at temperatures above 423 K. These two forms of adsorbed H 2 O could correspond to those giving rise to the TPD peaks. The total amount of desorbed water (Table 2) was lower than the hydration water content usually measured by TG analysis (De Luca and Nastro 1997) because some water was eliminated during the preliminary purging necessary to obtain a stable baseline. The intensity of the low-temperature peak decreased after longer pretreatment with inert gas, to become a shoulder after 12-h pretreatment. Thus, the first peak was indicative of weakly interacting H 2 O molecules. By contrast, the length of pre-treatment did not influence the intensity of the high-temperature peak. Hence, this peak must be indicative of more firmly bonded molecules.
The TPD signals could be interpreted in terms of different cation types (K or Na ) and cationic sites being present in ETS-10. According to previous studies (Anderson et al. 1999; Otero Areán et al. 2000) , five different cationic sites, listed as sites I-V, all located near the titanate chains, are present in the ETS-10 structure, as shown schematically in Figure 1 . Sites I and II occupy similar positions near the intersection of seven-membered and 12-membered ring channels; sites III and V are both within the main 12-ring channels, but in different positions, i.e. sites III are close to a titanium-oxygen chain while sites V are farther away; sites IV are within the seven-membered ring cage at the midway point between two orthogonal titanium-oxygen chains. Sites I, II and III each contain 1/4 while sites IV and V each contain 1/8 of the total univalent cations (Anderson et al. 1999) . Cations located in sites III and V are mostly involved in adsorption, because they are within the main 12-ring channels and so are easily accessible to adsorbed molecules; on the other hand, cations in sites I and II are less accessible and as a result constitute very weak adsorbing centres ) that are not involved in hydration (Anderson et al. 1999) ; finally, cations in sites IV are excluded from any interaction with adsorbed molecules due to their inaccessible position Otero Areán et al. 2000) .
The adsorptive strength of a given molecule would also be expected to depend on the type of cation (Na or K ) occupying different sites. By employing numerical computation, Anderson et al. (1999) determined that, for energetic reasons, K ions occupy all sites IV and part of sites V. On this basis, the distribution of K and Na ions in different sites can be evaluated by considering their content in our sample. The corresponding data are recorded in Table 3 . Taking into account the accessibility of different sites, we assumed that only cations in sites III and V were capable of adsorbing water molecules. The total concentration of cations occupying sites III and V was 0.75 mol/mol Ti, i.e. close to the amount of water corresponding to the TPD peak at 437 K (Table 2) . Hence, if 1:1 stoichiometry is assumed, the more tightly bonded water of hydration can be considered as interacting with cations located in the main 12-ring channels. Since Na ions interact more strongly with water molecules than K ions, two different signals corresponding to tightly bound water should be present in the TPD curve. However, from the data listed in Table 3 , it is seen that the cations located in sites III and V were mainly Na ions with minor amount of K ions. Thus, the emission of water was mainly from the Na ions. This could explain the appearance of a single high-temperature signal, since that due to the K ions was probably covered by the larger signal due to the Na ions. The TPD peak at 386 K, i.e. that indicative of weakly interacting H 2 O molecules, was probably due to H 2 O molecules hydrogen-bonded to oxygen atoms in the framework. The tail of the high-temperature peak could be explained by the presence of surface defects acting as strong heterogeneous adsorbing sites. The presence of very strong H 2 O adsorbing sites would also explain the persistence of some IR signals due to adsorbed H 2 O even after evacuation at 573 K, as mentioned above.
The NH 3 TPD measurements were obtained after treating the samples in a He flow at different temperatures and adsorbing NH 3 at room temperature. The corresponding TPD spectra and the amounts of desorbed NH 3 are reported in Figure 9 and listed in Table 2 , respectively. Anderson et al. (1999) . Figure 9 . Ammonia TPD spectra of ETS-10 treated at different temperatures.
The spectrum of the sample treated at room temperature (which still contained hydration water) showed two peaks with maxima at 383 K and 441 K, besides a very small signal at 753 K. That such peaks were due to the interaction of ammonia with Brönsted acid sites may be excluded by the results of our FT-IR measurements (see above). It is worth noting that the two peaks occurred at the same temperatures as the H 2 O desorption peaks ( Figure 6) , thereby suggesting some correlation between the adsorption of NH 3 and H 2 O. For this reason, it may be suggested that NH 3 molecules were hydrogen-bonded to adsorbed H 2 O molecules, so that the desorption of H 2 O led to NH 3 being desorbed at the same time. However, the amounts of NH 3 desorbed were less than the corresponding amounts of water, suggesting that only a fraction of the adsorbed water molecules were capable of retaining ammonia. The peak at 383 K was attributed to NH 3 interacting with weakly bonded water, while the peak at 441 K corresponded to NH 3 interacting with water molecules coordinated to cations. Since the cations giving rise to the highest electric field were Na ions located in sites V, water molecules bonded to these cations would be expected to show the strongest interaction with NH 3 . The concentration of these ions [0.1 mol/mol Ti (Table 3) ] was close to the amount of NH 3 corresponding to the TPD peak at 441 K (Table 2) , thereby confirming this hypothesis. A different TPD spectrum was obtained after treating the sample at 673 K, as shown in Figure 9 . This treatment led to the removal of hydration water without any loss of crystallinity. The TPD spectrum showed a single peak with a maximum at 437 K, together with a very small signal at 785 K. Due to the absence of Brönsted acidity, as discussed above, it is likely that NH 3 was adsorbed on the anhydrous material by coordination to the Na and K ions. This interaction should be of a similar strength to water coordination, as demonstrated by the similar peak temperatures. However, the amount of adsorbed NH 3 was much lower than that of H 2 O, suggesting that only a fraction of the cations were capable of coordinating NH 3 with appreciable strength. The amount of adsorbed NH 3 was very close to that of all the cations (Na and K ) occupying sites V (Table 3) . Hence, it would appear that only such cations were capable of interacting with NH 3 with any effective strength. In fact, Otero Areán et al. (2000) have observed that cations in sites V, being in a looser position, can give rise to stronger bonds with adsorbed molecules.
The high-temperature signals observed in the NH 3 TPD spectra of samples treated at room temperature or 673 K were indicative of trace amounts of very strong adsorbing sites, probably related to structural defects or surface sites.
The TPD spectrum of the sample treated at 873 K showed a markedly reduced ammonia uptake. Although the TPD peak was observed at the same temperature as for the sample treated at 673 K, the amount of desorbed NH 3 was reduced to less than 0.02 mol/mol. As discussed above, heat treatment at 873 K caused a slight reduction in crystallinity, with the formation of some amorphous material and consequent pore obstruction. Under these conditions, it is likely that ammonia adsorption only occurred on the external surface of the particles. This could explain the strong decrease in ammonia uptake.
CONCLUSIONS
A pure sample of ETS-10 was examined by spectroscopic and desorption techniques. Information on the structural properties was obtained from spectroscopic analysis that confirmed the presence of octahedral Ti and tetrahedral Si. The presence of other oxides phases, such as TiO 2 , was excluded. The adsorption properties of ETS-10 were characterized and the amount and strength of adsorbing sites for H 2 O and NH 3 evaluated.
At least two forms of adsorbed H 2 O were observed, corresponding to different interaction strengths. Ammonia was adsorbed with a similar strength to that of H 2 O, but in a much lower amount. The adsorption of H 2 O and NH 3 was attributed to the formation of hydrogen bonds and to coordination to Na and K ions. According to FT-IR analysis, no Brönsted acidity was present. All Na and K ions located within the main channels of ETS-10 were involved in the adsorption of water molecules. On the other hand, only a portion of these cations, i.e. those more loosely bonded to titanate chains, were capable of adsorbing ammonia.
Ammonia was hydrogen-bonded to hydration water on the hydrated samples and was incapable of displacing water. Treatment at 873 K, leading to partial loss of crystallinity, caused a marked loss of adsorption capacity. These data indicate that ETS-10 had a significant adsorption capacity for water, probably of use in practical applications such as gas dehydration and purification processes. The results for ammonia were less satisfactory, however. Since adsorption properties should be related to the nature of cations, further investigations are planned to characterize the different ion-exchanged forms derived from ETS-10.
